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Glucose as a Fuel for the Brain
The brain exhibits the greatest dependence on glucose of any part of the mammalian body and is the most vulnerable organ to systemic hypoglycaemia.
Under normal circumstances in vivo, no chemical can replace glucose as the fuel reaching the brain from the bloodstream. The brain is about 3 % of the body weight of adult man, yet consumes some 20% of the total glucose and oxygen used. This is a reflection of the high proportion of the blood passing through the brain.
Glucose is utilized in the brain essentially through the pathway of glycolysis. Little or no gluconeogenesis occurs and the proportion of glucose carbon that passes through the hexose monophosphate shunt is almost negligible in adult brain, though of importance in the immature brain. Rates of glycogen turnover are similar to those occurring in muscle, but the reserves of glycogen are low (some 1.5,umol as glucose/g).
Reserves of glucose are also low (1-1.5,umoI/g), so the brain relies heavily on a regular supply of glucose from the circulation.
Control of glycolysis is exerted at the enzymic stages generally involved in mammalian systems: hexokinase, phosphofructokinase and pyruvate kinase, and also possibly at the stage of glucose entry t o the brain. An unusual feature of cerebral intermediary metabolism is the large rapid response t o electrical stimulation, shown in uiuo and in uitro, when rates of glucose consumption may be increased by 100-fold or more for very brief periods, t o the extent that the full potential capacity of rate-limiting enzymes may be reached.
Special features pertinent t o the role of glucose as a fuel include the heterogeneity of cerebral glucose-transport processes, the regional heterogeneity of the brain, and the possibility that glucose chemoreceptors are present.
Heterogeneity of' cellular hasriers to glucose entry
The endothelial cells of cerebral capillary walls exhibit properties that appear to differ markedly from those elsewhere in the body and form the basis of the concept of the 'blood/brain barrier' (Dobbing, 1961 ; Crone, 1971) . Once theglucose has passed through the capillary wall, it must cross the plasma membranes of two main types of cells: the glia and neurons. Since the neuron is the electrically active cell type, a knowledge of the mechanisms by which glucose reaches it is essential in understanding the role of glucose as a fuel. Three main glucose-influx processes have been detected in a variety of cerebral preparations. These are all stereospecific, saturable and exhibit no requirement for Na+ or energy, but differ in their affinities for glucose (Table 1) .
Two, distinct types have been demonstrated in slices: the high-K, (approx. 6 m~) shown to be present in viuo and the low-K,, (0.25m~) shown in synaptosomes. The capillary wall is by-passed in the slice preparation, so the high-K, system is unlikely to be present solely at the capillaries, but in glial or neuronal membranes. Capillary preparations in ritro show a low K , of about O.lmM ( Table 2 ). The report (Edstrom et al., 1975 ) of a high-K, process in cultured glioblastoma cells (Table 2 ) supports the possibility that the high-K, process is glial, whereas the low-K, ( 0 . 2 5 m~) process may be neuronal. This must be tentative until the results from synaptosomes and slices are confirmed from the use of isolated neurons (see Wilkin et al., 1976) . Mediation by glial cells of neuronal nutrition has been suggested from anatomical relationships : glial processes, especially the end-feet of astrocytes, invest cerebral capillaries, and neurons are often surrounded or encapsulated with glial cells. It now seems reasonable to consider that the rate-limiting stage of glucose transport may be the high-K,, uptake process of glial cells.
Relation of glucose metabolism to cerebral firnction
Earlier studies based on arteriovenous differences in glucose, oxygen and lactate failed to reveal any correlation between cerebral function in man and rates of glucose utilization. The rate at which glucose was consumed by the whole brain remained the same, no matter what the function, and only changed in severe neurological disorder, such as dementia (Sokoloff et al., 1955) . Such negative results are not surprising, since change in function, and metabolism, in any particular region of the brain would not necessarily be detected by use of the whole brain and it is only recently that the techniques for studying regional metabolism in the conscious brain have been developed. Lassen & Ingvar (1972) have developed a computerized intra-arterial technique for measuring the flow of '33Xe in the blood of circumscribed areas of the brain. Use of this technique has demonstrated considerable changes in the capillary blood flow in specific regions in response to such stimulae as pain, voluntary motor activity, talking, reading and mental arithmetic (Ingvar, 1975) . This does not tell us anything --directly about regional glucose metabolism, but provides some indication, since a change in blood flow in a particular region would be expected to be associated with a similar change in glucose consumption within that region. A good correlation between regional cerebral blood flow and oxygen consumption in man has been found (Raichle et al., 1976 ). Sokoloff et al. (1977 have applied our knowledge of the cerebral metabolism of 2-deoxyglucose to this problem. 2-Deoxyglucose shares the cerebral transport systems for glucose, noted above, and is phosphorylated by brain hexokinase. The product, 2-deoxyglucose 6-phosphate, does not inhibit hexokinase (unlike the natural product, glucose 6-phosphate, which is a potent allosteric inhibitor), nor is it a substrate or inhibitor for any of the enzymes that act on glucose 6-phosphate, except for inhibition of hexose phosphate isomerase at high concentrations (Bachelard et at., 1971 ; Horton et al., 1973) . Using the known kinetic constants for glucose and 2-deoxyglucose, Sokoloff et al. (1977) have devised a computerized technique whereby rates of glucose metabolism in small discrete regions of animal brains can be calculated from radioautographic measurement of 2-deo~y['~C]glucose. Here also variations in regional metabolism of glucose are shown to occur with specific cerebral functions .
Hypoglycaemia: evidence for cerebral glucoreceptors ?
It used to be believed that hypoglycaemic coma results directly from an energy deficit due to inadequate supplies of glucose, but recent work has thrown serious doubt on this. The first clinical signs of hypoglycaemia, long before the state of coma has been reached, are changes in the electroencephalogram, in the form of increased slow-wave activity, and the onset of drowsiness, in man and experimental animals. These changes occur well before there is any detectable change in the energy state of the brain or any of its regions (Table 2) . Although it is possible that highly localized changes in concentrations of such intermediates as ATP may be masked during analysis of tissue samples encompassing larger areas, this seems unlikely because some changes in respiration or cation distribution should be expected, but none has been shown to occur. Further circumstantial evidence is provided by the rapidity with which man or experimental animals such as the cat can be roused from hypoglycaemic coma by a single iiijection of glucose. The speed of recovery of consciousness is difficult to explain simply in terms of resynthesis of ATP and phosphocreatine. Indeed, during recovery experiments, the lowered concentrations of these compounds due to the coma are restored after behavioural recovery has been achieved; thus no correlation between function and the energy state has been found. Nor was any appreciable change found in ofher metabolites examined, which might act as alternative endogenous substrates (Ferrendelli, 1975; Norberg et al., 1975) . Glucose, or the lack of it, may affect the metabolism of unsuspected intermediates, but the view is growing that the brain possesses some mechanism that enables it to respond to lowered glucose to protect its sensitive energy metabolism (Lowry, 1975; Ferrendelli, 1975 ; Bachelard, 1 9 7 6~) .
The change in electroencephalogram, which occurs with the first behavioural symptoms, indicates that the role of this mechanism may be toreact rapidly to the glucose deficiency by regulating synaptic function. Further circumstantial evidence for this view is given by the number ofcentrally activedrugs (e.g. barbiturates and amphetamines) which modify synaptic function and also change glycolytic rates in an apparently unrelated fashion (Bachelard, 19766) . It seems a distinct possibility therefore that glucose plays a role in cerebral function that is not directly related to its role as the major source of energy in the brain, and it remains to be determined whether glucose chemoreceptors like those detected in the hypothalamus are present in the cerebral cortex (Cross, 1964). Vol. 6
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